The mechanical behaviour of eggshell membranes under tensile loading has been studied. Samples from diff erent bird species (hen, goose and Japanese quail) have been used. Samples were cut out of the membrane in latitudinal direction. TIRAtest 27025 tensile testing machine equipped with a 200 N load-cell was used. Tensile deformation exhibits both non-linear as well as linear region. The experiments were performed at fi ve loading velocities 1, 10, 100, 400 and 800 mm.min −1 . The main parameters describing the eggshell strength increase with the loading rate. This dependence exhibits the same qualitative features as the rate dependence of the eggshell strength.
INTRODUCTION
Eggshell membrane is a part of egg which adheres to eggshell, but its eff ect on eggshell strength is still not clear because there is not any way to research eggshell membrane with intact eggshell and it is o en considered as an unimportant impact factor on eggshell strength. Only limited number of information is known about its physical and structural properties, such as the pore and mechanical characteristics of the membrane. The only exception represents the paper of Torres et al. (2010) which is focused on the study of hen's egg membranes under tensile loading and nanoindentation.
The given paper is focused on the research of the eggshell membranes behaviour under tensile loading. The results on the fracture strength of the whole eggshell show that this parameter is more or less dependent on the loading rate (Carter, 1979; Trnka et al., 2012; Nedomová et al., 2014) . The same dependence may occur also for the eggshell membranes. In the given paper this dependence has been studied on the eggshell membranes of three domestic fowls (hen, goose and Japanese quail). The knowledge of these characteristics is meaningful e.g. in design of the numerical model of egg. These models are than used in numerical simulation of the egg behaviour under diff erent loads (Song et al., 2006; Perianu et al., 2010) .
MATERIALS AND METHODS
Eggshell membranes were obtained from commercial breeding lines of hens, gooses and Japanese quails. The eggs were sawn up around the meridian using a special cutting machine. The outer membranes were carefully removed using clamps. Samples for the measurement were sawn out at the equator of the shell where the eggshell curvature was minimal. The membranes were washed thoroughly with distilled water to remove any egg white sticking onto the surface of the membrane. The membranes were then stored in physiologic saline solution in order to avoid dehydration. Samples were cut out of the membrane in latitudinal direction. In order to measure membrane thickness the membranes were placed between two aluminium plates of known thickness. The total thickness of this sandwich can be easily measured using of digital micrometer. TIRAtest 27025 tensile testing machine equipped with a 200 N load-cell was used. Rectangular samples (15 mm × 15 mm) were used for the measurements. The results obtained were statistically analyzed using the statistical package UNISTAT. Evaluated were the means and standard deviations using ANOVA with subsequent Tukey's test at signifi cance level of P > 0.95. Thickness of the membranes exhibits a scatter as shown in the Fig. 1 .
The statistical analysis shows that statistically signifi cant diff erence occurs between thickness of goose and quail eggshell membranes. Histogram of this quantity is displayed in the Fig. 2 .
Statistical data are given in the Tab. I. Specimens were glued to thin metallic plates -see The deformation of the sample was assumed to be equal to the separation of the crossheads. The force F and the deformation l = l − l o , where l is the instantaneous specimen length at the time t, are measured during tension and both quantities are recorded. The force-deformation data may easily be transformed into normalized quantities such as stress and strain. The Cauchy strain and Hencky's natural or true strain are of common use in representing compression curves. The evaluation of these quantities as well as the values of stress, , and/or true stress, respectively is described e.g. by Mehnet Ak and Gunasekaran (1997) .
The specimen deformation is also described using the stretching parameter, , which is defi ned as
The transformation force-deformation data into quantities given above have been performed using of MATLAB so ware. Five speeds, v, were used: 1, 10, 100, 400 and 800 mm.min −1
. Loading rate can be converted to the strain rate:
The corresponding values of strain rates are: 0.00111; 0.0111; 0.111; 0.444 and 0.888 s −1 . Experiments were performed at the room temperature. Experimental data for Japanese quails were published independently in (Strnková et al., 2015) .
RESULTS AND DISCUSSION
In the Fig. 4 an example of the experimental record force-displacements is shown.
The loading force increases up to some value corresponding to the membrane fracture. In this moment the force nearly immediately falls to zero. The only exceptions were observed for the membranes of quail eggs. The force decreases gradually in this case. This is probably a consequence of relatively low crack velocity in the membrane.
Experimental records force-displacement were converted to the dependence of stress, , on the strain, , using of Eqs. in Mehnet Ak and Gunasekaran (1997) . The maximum of the stress corresponds to the moment of eggshell membrane fracture. This quantity is denoted as the ultimate tensile strength (UTS). The corresponding strain represents the fracture strain  f . The next parameter which describes the fracture behaviour of the eggshell membrane is the fracture toughness. This quantity is expressed as the energy absorbed by the eggshell membrane up to rupture point per unit volume of the membrane and was determined using the following formula (Polat et al., 2007) :
Experimental data describing the eggshell membrane fracture behaviour are given in the Tabs. II-IV.
These data show that all fracture parameters increase with the loading velocity. These dependences are shown in the Fig. 5 .
The dependence of the ultimate tensile strength on the loading velocity v can be fi tted by the power function:
The parameters of Eq. 4 are given in the Tab. V. The same function can be used for the fi tting of experimental data on the fracture toughness. The corresponding coeffi cients are given in the Tab. VI.
The power function (4) can be also used for the fi tting of data on the fracture strain  f for quail and hen eggs. The coeffi cients are given in the Tab. VII.
4: Experimental records of force-displacement for two different loading rates
For the goose eggs the infl uence of loading rate on the fracture strain can be described by a linear function:
where a = 0.2942, b = 0.0003018 min.mm −1 and R 2 = 0.9332.
The statistical analysis of the obtained data was performed at loading rates 1, 10, 100 and 800 mm. min , the fracture parameters UTS,  f and W increase from quail eggshell membranes towards to the goose eggshell membranes. The same tendency has been observed for the fracture parameters of the eggshells in our previous papers. 
CONCLUSION
Fracture of eggshell membranes at tensile loading has been studied. The fracture behaviour can be described in terms of the ultimate tensile strength (UTS), fracture strain ( f ) and fracture toughness (W). Results obtained in this paper show that these quantities increase with the loading rate. With exception of the smallest loading velocity (1 mm.min −1
) the values of the fracture parameters exhibit the smallest value for the eggshell membrane of the quail egg and the highest for the eggshell membrane of goose egg.
